INTRODUCTION
I t is usual to distinguish between two general methods for investiga ting gas phase atomic and free radical reactions.
High concentrations of atoms or free radicals may be produced in electric discharges, at very high temperatures (shock waves), by high light intensities (ftash photolysis), etc. Atoms or free radicals may be more-or-less directly observed by optical spectroscopy, mass spectrometry or other methods; alternatively, they may be trapped in matrices at low temperatures and detected by different methods, such as electron spin resonance.
The more classical method of investigation, initiated probably in the first decades of this century by Bodenstein and his students, consists in studying the mechanism of thermal and photochemical reactions which can usually be considered as slow reactions. They proceed a t ra tes corresponding to halflives of the order of several minutes.
In the case of halogen atom reactions a considerable effort has been made in the last decade at the Photochemistry Labaratory of the Universite Libre de Bruxelles, in the laboratories of Professors Daintonl, Le Roy 2 , TrotmanDickenson and Knox 3 and others using this classical method. Important progress has been made as regards improvement of the accuracy of the analysis of such systems and, in many cases, this has enabled unambiguous reaction mechanisms and, finally, precise values of rate constants to be determined.
Attempts have been made by Trotman-Dickenson, Knox 3 , Pitzer 4 and Johnston, to discuss these reaction rates in terms of activated complex theory. Recently Johnston 5 has made a comprehensive study of the possibilities and limitations of this method as applied to these reactions.
In this paper, the progress which has been made in the methods of analysis of complex reactions will be described first. Subsequently, the results will be presented and a few questions mentioned which have not yet been settled. Finally, the significance of the results will be discussed in terms of activated complex theory.
ANALYSIS OF COMPLEX REACTIONS
In the early days the approach to the anaJysis of any reaction mechanism was necessarily purely empirical. At present we know a sufficient nurober of " types " of elementary reactions and reactive species so that it is often possible to put forward a very reasonable mechanism. Thus, for the photochlorination oftetrachloroethylene and pentachloroethane we may envisage:
(1) Cl + C 2 Cl 4 -~ C 2 Cl 5 (2) Cl + C 2 HC1 5 -~ C 2 Cl 5 + HCI (2') C 2 Cl 5 + Cl 2 -~ C 2 Cl 6 + Cl (3) P. GOLDFINGER C 2 Cl 5 ---+ C 2 Cl 4 +Cl (4) C 2 Cl 5 + HCl--+ C 2 Cl 5 H +Cl (4') C 2 Cl 6 +Cl--? C 2 Cl 5 + Cl 2 (5) Cl + Cl + M ----;.. Cl 2 + M (6) Cl + C 2 Cl 5 ---? C 2 Cl 6 (or C 2 Cl 4 + Cl 2 ) (7) C 2 Cl 5 + C 2 Cl 5 ---7 C 2 Cl 6 + C 2 Cl 4 (or C 4 Cl 10 ) (8) There is no doubt that light of 4358 or 3660 A dissociates molecular chlorine into ato:ms. lt is then assumed that a chlorine atom adds to a double bond or abstracts a hydrogen atom, and that a free radical is formed. Then, all reactions between all species present can be said to incorporate the original reagents, the atom and the free radical.
Such a mechanism permits one to make a limited nurober of tests and also to plan them in the most suitable manner. Even though it may appear obvious, it is not superfluous to emphasize the necessity of examining the possibility of alternative mechanisms and reaction steps. General types of mechanisms have been developed by Goldfinger, Letort and Niclause 6 and have been extended by other authors 7 • Theseshow clearly the ambiguity of tests if restricted in number. Some cases will be discussed later.
According to the conditions discussed by Benson 8 , Adam, Dusoleil and Goldfinger 9 , the so-called steady state approximation can be used here and Ieads, fo:r the reaction rate, to the equations:
Even though some simplifications, which had been explained in previous papers have been made already, such as neglecting reaction steps (4'), (5) and (6) , these equations arestill rather complicated. One further simplification may be achieved by working in the presence of only one reagent, i.e. either tetrachloroethylene or pentachloroethane. I t is then useful to write the rate equa tions in the form of inverse squares such as:
This forn1 of rate equation is particularly favourable for checking the assumed properties of the mechanism and to measure combinations of rate constants by varying concentrations or concentration ratios, while others are kept constant. By performing this at different temperatures combinations offrequency factors a:nd activation energies are obtained. Finally, experiments in intermittent light, treated in a similar way, yield individual values of rate constants, frequency factors and activation energies.
Actually, the interest in the tretrachloroethylene ~pentachloroethane system resides in the fact that the 8 rate determining constants are obtained by measuring about 15 to 20 experimental parameters; consequently, one can obtain an impressive number of cross checks for the mechanism.
These cross checks and the effort of increasing the accuracy of the measurements led to a number of observations.
Constant and variable reaction orders
In some instances, the plot of the logarithm of reaction rate v. log of concentration ratios 10 of the appropriate reagent gives a straight line whose of the form of (iii), the second term is negligible or if it depends only on the ratio of chlorine to tetrachloroethylene and if this ratio is practically equal to one. In other cases, the reaction order may increase or decrease as the reaction proceeds. Examples of constant and variable reaction orders are given in Figure 1 . This shows, as already emphasized by Letort 10 , that great care must be taken in extrapolating to "initial rates ", which are then inserted in equation (iii) or plotted v. initial concentrations on a logarithmic scale for determining reaction orders 10 , as in Figure 2 . In the case of constant reaction orders integrat:lon methods may be used; they obviously Iead to misinterpretations as the complexity ofreaction order increases. Alsodetermination of" initial slopes " of concentration v. time plots, without checking the logarithmic rate v. concentration plot, can easily be misleading.
lnduction periods and auto-inhibition
A nuraber of years ago Adam and Goldfinger 11 had obtained initial rates for this reaction: and these initial rates seemed to correspond nicely to a one-half order with respect to pentachloroethane as is expected from equation (ii) if the negative term is neglected and only the chain breaking step (7) is considered. The recent re-investigation showed, however, the result given in Figure 3 . A true induction period is first observed in agreement with what can be calculated using the method described earlier 9 : the relevant rate constants are now known. Figure 3 further shows that before the steady state rate has been reached, an "inhibiting" action appears due to the negative term of equation (ii). At present, it is possible to calculate the " rate without the negative term ": this gives the straight line of slope 1/2 shown in Figure 3 . Furtherm.ore, the complete course of the reaction may be calculated including an estimate of the induction period, which is the full curve, in reasonably good agreement with the experimental results. It is necessary to point out that the apparent scatter of these points is due to the fact that individual values of !1pj!1t have been taken over very short time intervals and small pressure changes and that on purpose no "smooth curve" has been drawn through these points.
In fact a posteriori a smooth curve can now be drawn and it is difficult to resist the temptation of insisting again on an obvious remark: a smooth curve can only be drawn if its shape is known. Of course it must be understood that complex kinetics, such as those shown in Figure 3 can be used as a confirmation ofmeasured constants but cannot, by themselves, yield accurate values; they can also be used as a confirmation of a mechanism but by no means as a basis for developing one. A case of auto-inhibition occurs also in the photochlorination of methane, methyl chloride and methylene chloride. As soon assmall amounts of reaction products, methyl chloride, dichloromethane and chloroform respectively, are formed, they in turn react and a systematic development of the reaction scheme given above leads to the rate equation 12 :
HerevA ... are the reaction rates of the pure reagents A ... , v~ ... the rates of the same components in the presence of the others and cfoalcfoA the relative rates of formation of free radicals from B, A, etc., respectively, i.e. the rates of hydrogen abstraction by chlorine atoms from methyl chloride, dichloromethane and chloreform compared to the rate for methane. Equation (iv) measures the re1ative inhibition compared to an idealized reaction of a pure component. By studying these substances in the order chloroform, dichloromethane, methyl chloride and methane, all the terms in equations, such as (iv), could be determined. Figure 4 shows the experimental points for methyl chloride in the logarithmic form; the n = 3/2 line is the "ideal rate " obtained from the " experimental curve " by means of equation (iv).
The Draper effect
A correction which is quite important results from the insufficient dissipation of the reaction heat. Figure 5 shows the chlorine concentration and the pressure v. time curve for the photochlorination of trichloroethylene. The true induction period, in this case, is too short to be observed and, therefore, the chlorine concentration seems to decrease monotonously. The pressure, however, increases first, and only after about 20 seconds follows a course parallel to the chlorirre curve. This effect was observed 120 years ago in the H 2 + Cl 2 reaction by Draper 13 Figure 5 . Total pressure (bourdon gauge) and chlorine partial pressure (photometer) as a function of time for the photochlorination of trichloroethylene at 364·1 °K, in the presence of: C0 2 = 25:3·1 mm as inert gas; C 2 HCI 3 = 49·0 mm; Cl 2 = 152·1 mm; the photometer curve has been shifted upwards by 49·0 + 253·1 = 302·1 mm, which should bring it in superposition with the bourdon curve discussed by Goldfinger et al. 16 • It can result in an increase in temperature of several degrees and gives rise to apparent pressure and temperature dependence curves which are inaccurate. In fact, every variation of a parameter, which increases the rate, leads to an increased temperature effect and hence to an exaggerated rate increase. Due corrections bring the two curves of Figure 5 into superposition and often eliminate apparent inconsistencies 16 •
RESUL TS AND DISCUSSION
Initial rates may be plotted according to equation (iii) and permit one to determine the contribution of different chain-breaking steps to the mechanism as shown for example in Figures 6 and 7 . From these plots combinations 10t- with intermittent light are treated in a similar way. The magnitude measured is the lifetime of a reaction chain:
Here rx, ß are ratios of steady state concentrations of chain-carrying radicals; in the case of the assumed mechanism wi th 2 chain carriers ß = 0, and kt = k 8 + k 7 rx + .... Combining (v) with the rate equation for steady light, which can be put into the simple form:
A plot of the left-hand side of (vii) v. 1 /(C 2 Cl 4 ), which is the expected concentration dependence of a, does not show a measurable slope (Figure 8 ). This permits one thus to determine k 3 but not et = (Cl)/(C 2 Cl 5 ). In this case the chlorirre atom concentration is too low tobe measured directly, especially as there is always a relatively high experimental error in intermittent light experiments. In the case of the phosgene photosynthesis, Burns and Dainton 17 succeeded in measuring the ratio of (Cl) /(COCl), which, in that case, is actually of the order of unity.
Combining these results and taking into account competition experiments3•U!, tables comprising about 100 elementary rate constants could be calculated 3 •
• 18 •
(a) The ·first question which arises now is whether the rate constants actually belang to those reaction steps as given above. Perhaps all these results could be represented by another mechanism and then the reaction steps corresponding to k 2 ... k 8 would be different.
It may certainly be safely accepted that chlorine is dissociated into atoms. However, an alternative to the assurnption that a chlorine atom adds to a double bond or abstracts a hydrogen atorn, is that of the formation of a trichloryl radical, and a reaction sequence based on this species had been put forward by Rollefson 19 • In fact, many features presented here could be easily understood by a Rollefson-type mechanism, others, in particular photosensitized reactions of the type could raise some difficulties. However, as mentioned, these reactions have often a rather cornplicated mechanism and, therefore, a clear cut answer may involve risks.
There is further evidence that entities like the trichloryl radical may be quite stable; quite convincing evidence 20 is now available for the existence of tri-iodlyl and tribromyl radicals.
Burns and Dainton 17 tried to examine this question in the case of the CO + Cl 2 reaction using an equation equivalent to (vii) and showed that a term rx = (Cl)/(COCl) is of the order of one, whereas a term ß = (Cl 3 )/ (COCI) or (Cl 3 )/(Cl) is negligible. However, the sensitivity of this method is not very great and the best one can say is that the value of ß is not more than a few per cent. However, the most important fact which can be deduced isthat this does by no means exclude the trichloryl radical as a chain carrier. Thus, in the mechanism assumed here, (Cl)j(C 2 Cl 5 ) varies between lo-s and 5 X I0- 2 • There is, however, a Straightforward method which has been used by Chiltz et a [.7 and which was also suggested a number of years ago by Noyes and Leighton 21 • It is easy to show that a term ofthe form k 8 fki in equation (iii) should occur also in a Rollefson-type mechanism. Here, this term means kR+Rfkr~+CJ 2 ; in a Rollefson-type mechanism it means kct+ctfkc1+ci.· So in the first case the magnitude of this term should depend on the nature of the radical and, therefore, on the reagent, in the second it should be independent of it, since it contains only properties of the chlorine atom and chlorine molecule; further, the chlorine atom recombination constant kc 1 +ct should depend on total pressure. Aceurate analysis of equation (iii) permits one to determine k 8 fka ratios for numerous chlorinations and these vary by a factor of several thousand frommethaue to tetrachloroethylene. Identical values are, however, found for tetrachloroethylene and pentachloroethane since they both give the pentachloroethyl radical. Again, trichloroethylene yields the same value as I, 1 ,2,2-tetrachloroethane.
lt is probably necessary to emphasize here that the discussion of the Rollefson mechanism may be rather of methodological importance than of practical interest. Nevertheless, it is important to examine whether purely kinetic considerations can give a clear-cut decision as to a reaction rnechanism and to discuss the validity and the choice of adequate kinetic arguments.
One could inquire further whether part of the products are formed with the trichloryl radical as an intermediate. Even · though quantitative calculations arenot easy and do not seem to have been made, it seems safe to estimate that, if any, certainly not more than 1 per cent of the products are formed by reactions of the trichloryl radical. Since the accuracy of measured rate constants, and especially elementary constants, is only in a few favourable cases of the order of perhaps 5 to 10 per cent, this answer may be considered as acceptable as long as no very great improvements can be made in experimental techniques. Finally, it can be shown that no alternative third atomic or free radical mechanism is possible for these reactions 7 • (b) Next, the role of other possible reaction steps must be considered. At Brussels, in conditioned Pyrex reaction cells, as long as the total pressure was higher than 35 to 50 mm Hg, no wall reactions could be observed. This shows that the reactive entities (mainly free radicals) survive about 10 5 wall collisions under these circumstances. Ayscough, Dainton and co-workers 22 seem however to have observed chlorine atom recombination on the walls, when working at several hundred mm chlorine pressure and 4 mm trichloroethylene pressure. The results of Mathai and Le Roy 2 could be due partly to such effects, since they worked at total pressures in the range of 20 mm.
It may be stated safely that wall reactions do not occur in "conditioned" reaction cells at higher pressures, and that their influence on the quoted values of rate constants is negligible.
In equations (i), (ii) and (iii) the Cl + Cl reaction has been neglected.
Dainton and co-workers 22 as well as Mathai and Le Roy 2 claim, however, to have observed this reaction in the above-mentioned experimental conditions in the photochlorination of trichloroethylene and methyl ch1oride. In that case equation (iii) should be rewritten as:
which, however, does not include a term for the wall reaction; this is, however, not important for the present argument. In fact, whatever other reactions may occur, the third term of (viii) can be observed only if it is of the same order or larger than the second:
• Using the data given for k 6 , k 3 and k 2 and considering that k 4 is negligibJe23 one findsthatk 7~ 3X 10 7 .Nowk 7 hasbeenestimated 23 tobeaboutl·5 X 1011*; further, quite a number of k 7 values seem to lie in this region 12 and it is difficult to believe that an atom + free radica1 reaction, which can 1ead to addition, should he 5000 times slower. A very similar situation arises in a discussion ofLe Roy and Mathai's results. · It must of course be emphasized here that it is not claimed that in these cases the Cl + Cl recombination has not been observed. What I am trying to pointout is this. 1f in any mechanism a certain reaction step is assumed and one tries to measure it, this means automatically that some other steps must be measured simultaneously or that an upper limit for the other rate constant can he given. In fact, a thorough kinetic analysis permits one to obtain valuable and precise information about measured reaction steps; it also necessarily gives further information ab out steps which are comparatively too slow to he measured. This information is of coursenot accurate; it is, however, not without value. As to the case mentioned here the discussion must remain open.
If the rate constants given recently 12 are accepted the only case in which the Cl + Cl step should be observed readily is in the photochlorination of ethylene. Of course, due to the subsequent reaction of dich1oroethane, this may be quite a complicated reaction, similar to that of methane, methyl chloride, etc. This is now being investigated at Brusselst. In order to study such complicated reactions an experimental set-up has been developed by Huybrechts and Verbeke 24 ;  this comprises a reaction cell, with a pin-ho1e 1eak, which is placed inside a mass spectrometer. A minute fraction of the reacting mixture enters the ionizing chamber of the mass spectrometer. This device permits one to perform photochemical reactions near atmospheric pressure, to perform an analysis with a sensitivity of 1/10 5 at a rate of 200 peaks per second and, thus, to follow the rate of appearance and disappearance of numerous components in a reacting mixture (Figure 9) .
(c) When a chlorine atom adds to a double bond, 17 to 24 kcal mole-1 are liberated; this energy remains in the newly formed free radica1, probably *Note added in proof: In the meantime, k 1 = 8 X 10 10 has been measured 44 • 22 have studied the chlorine sensitized conversion of cis to trans 1,2-dichloroethylene and have explained the mechanism of this Leads for heater and thermocouples of the reactor
6
To liquid air trap reaction in terms of an activated radical ACI* which decomposes according to three possibilities: a monomolecular reaction, a collision induced decomposition or a reaction with molecular chlorine yielding a trichloryl radical. Wijnen 25 has also observed conversion reactions, which he explains on a similar basis. On the other hand no difference could be observed between the free radicals, pentachloroethane, formed in process (2) or (2'). Further mixtures of trichloroethylene and the two tetrachloroethanes have been studied. In such mixtures two over-all processes are competing :
One can easily show that for adequate pressure ratios of the reagents no pressure change will occur; this is the case for
If the free radical formed from the ethane by hydrogen abstraction is identical with that formed from the ethylene by chlorine addition, then the ratio on the left hand side of equation (ix) will not depend on the chlorine pressure;
log p Cl Figure 10 . Plot of equation (ix) showing identity of the radical obtained by Cl addition to C 2 HC1 3 and H abstraction from 1,1,1,2-C 2 H 2 Cl 4 ; the 1,1,2,2-C 2 HC14 radical is, therefore, in both cases a thermally stabilized and not a vibrationally activated hot radical if the reverse is the case it will be a so-called homographic function of this pressure (the constants with primes refer to the ethane and those without primes to the ethylene). As shown inFigure 10, the former is the case for 1,1 ,2,~~-tetrachloroethane and the 1atter for the 1,1, 1 ,2-derivative. This confirms the above-mentioned finding about the constitution of this radical and simultaneously proves that the "hot radical" is not observed here. The activation energy of k~k 4 fk 2 k 3 is in agreement with an activation energy of k 4 ofabout 18 kcal corresponding to the value of a stabilized radical. In order to explain this apparent discrepancy, Dainton 26 has made the following proposal: the more chlorinated a compound is the more uniformly the energy will be distributed between low frequency vibrations and the greater will be the probability of deactivation compared to the probability of decomposition. In that case the hot radical effect is expected tobe observed for radicals containing a small number of chlorirre atoms: according to the present status of the problern it is observed for the trichloroethyl radical and not for the tetra-and pentachloroethyl radicals. The strongest effect should appear in the case of ethylene. This could be in line with Schumacher's27 study of this reaction. Similar arguments to those given in relation to the assumed observations of Cl-Cl recombinations do not permit us however to accept this interpretation without repetition of Schumacher's measurements with modern techniques. As mentioned already this is being clone at present*.
ACTIVATED COMPLEX THEORY
The activated complex theory has been applied to chlorirre atorn reactions, e.g. by Fettis, Knox and Trotman-Dickenson 3 using a rather primitive method. Recently H. S. Johnston 5 has treated systematically over 60 reactions.
(a) Reactions with activation energy; a Sato 28 potential energy surface was used for some cases, all reactions were treated by the simpler bondenergy-bond-order (BEBO) method 29 . In those cases in which both methods have been used complete agreement was obtained. Both methods are considered as purely empirical representations of the potential energy surface and both contain only one adjustable parameter. lt must be emphasized that in these methods, once a parameter A or p has been chosen, no further adjustments can be made in calculating either activation energies or frequency factors. Therefore, the agreement between calculated and observed A-factors ( For the R .. Cl. .Cl reactions the agreement for the activation energies is not good (see Tahle 1); the trend in activation energies appears, however, tobe in agreement with observation. Further, it must berecalled thatinmany instances these measurements are extremely difficult because of the complex reaction rnechanism mentioned above.
It is important to recall that the potential energy surfaces yield the potential energy of activation Va which differs from the empirical activation energy Ea; for RH + Cl, Va < Ea, for R + Cl 2 the reverse is the case. Thus, the very low activation energies of 1 kcal for ethyl, chloroethyl and dichloroethyl radicals with molecular chlorine are questionable and would merit further experimental work.
The most important disagreement lies in the activation energies in the series of hydrogen abstraction reactions from methane to chloroform. This is in sharp contrast to the series methane, ethane, propane in which excellent agreement is obtained between calculated and observed activation energies for a variation of C-H bond dissociation energy from 102 to 93 kcal mole-1 • I t is natural to try to explain the disagreemen t for the series of chlorina ted methanes in terms of non-bonding interactions between chlorine atoms. An evaluat:ion by means of a Lennard-Jones 6-12 function using the "V an der Waals-·radius" and the polarizability of chlorine shows, however, that for the dirnensions predicted by the Sato or BEBO method the Cl. .. Cl interaction:s are on the attractive and not on the repulsive side.
I t has been proposed by J ohnston to seek the explanation in a dynamic effect: as a chlorine atom approaches a methyl chloride molecule at a
• Note added in proof: These have confirmed theoretical predictions 47 • relatively great distance of 6 or 8 A, the Cl. 0 .CI dispersion forces are much greater than the CI. .. H dispersion or even the Cl. 0 H bonding forces. Therefore, unless the approaching atom has a relatively high kinetic energy a complex H 3 C-Cl. .. Cl forms instead of the "activated hydrogen atom transfer complex" H 2 CIC-H .. Cl.
(b) Reactions of zero activation energy were treated by Gorin's modeP 2 and the results are summarized in Table 20 Apparently there is a certain agreement concerning order of magnitude especially for radical + chlorine atom reactions. The observed decrease by a factor of about 50 for the radical recombination rate from methyl to trichloromethyl and from ethyl to pentachloroethyl does not appear in the calculated rateso Also for the atom addition to a double bond a decrease by a factor of four is observed from ethylene to tetrachloroethylene, whereas no variation is obtained for the calculated constantso No explanation is found for the highly specific " symmetric" addition of a chlorirre atom to trichloroethyleneo A deeper analysis of the theory has been carried out by evaluating the relative rate and the critical diameter for each rotational quantum state of the rotating compJex. As a test the case of almost perfect agreement CH 3 + CH 3 and the case of worst disagreement CCI 3 + CC1 3 have been treatedo lt appears that the internal inconsistency is nearly as bad in the former as in the la tter caseo
CONCLUSIONS
The photochlorination sturlies at Brussels were started about 12 years ago with Gosselain and Martin 33 • The question ofinterest at that time, concerning competition between addition and substitution was solved by applying a general mechanism. The ratio of the rates is given by:
as shown in Figure llo Substitution is favoured not so much by conditions which favour hydrogen abstraction, as by those which favour instability of the radical formed by addition to a double bond. This explains the action of many halogenating agents 35 -37 and permits one to dismiss Walling's criticism 38 • The heuristic value of the mechanism has appeared in the course of time. It permiued the very complete solution of the C 2 Cl 4 -C 2 Cl 5 H-C1 2 system 1 8,38. It led to an understanding of anomalous reaction orders, to an improvement in the methods of kinetic analysis, and to the submission of the latter to :::,0 u severe tests. It led to a clearer understanding of certain cases of inhibition 7 • 18 , auto-inhibition 12 ( equation (iv)) and related phenomena than was possible from other kinetic studies: in many cases now all elementary steps are known, allintermediate and final products have been identified, and the corresponding rate constants have been measured. It would be quite important to develop quite general schemes for inhibition reactions including those given here as weil as the recent considerations of Eyring 311 , Laidler 40 and co-workers. The pyrolysis of chlorinated hydrocarbons which were studied a few years ago by Barton, Howlett 41 and co-workers, and which have been partly re-interpreted 42 , are in complete agreement with the proposed mechanism and the measured rate constants.
Besides these problems which arose in the course of time and have been solved, others have been known for a more-or-less long time and cannot be considered as settled. Some of these are: the ratio of addition to dismutation in radical-radical and radical-atom reactions of highly chlorinated radicals; the nature and properties of the primary activated addition product of a chlorine atom to an ethylene; the chlorine atom recombination.
It seems that photochemical halogenation reactions are relatively simple. Nevertheless, it appeared that in the simplest systems competing steps or other complicating factors occur: addition-dehydrochlorination, consecutive reactions, two chain-breaking steps and others. The cross checks of rate constants applied systematically in this research and the accurate measurements of rates during an important part of the reaction, instead of the much less tedious integration methods or measurements of so-called initial rates, have shown that quite important errors and ambiguities may result in kinetic studies. Therefore, great emphasis has been directed to this point.
The opinions stated 8 or 10 years ago by Adam and Gosselain 43 needed only one drastic revision, even though a nurober of minor corrections have become necessary as experimental accuracy has been improved. It had been assumed that in considering a set of reactions from non-chlorinated to perchlorinated hydrocarbons a considerable decrease of frequency factors should be observed. This was based on an over-simplified model of the activated complex. In fact there is a small decrease for k 2 , k 3 , k~ and k 8 • The more refined calculations permit one now to understand some of the trends in frequency factors and activation energies. But for many finer trends it appears that the theory of the activated complex in its present form is inadequate. Whether this resides in inadequacies of the theory itself or of the necessary tool for this theory, the description of the activated state is not possible to assess.
We had often thought that we were approaching the conclusion of our photochlorina tion studies.
I do not believe this any more. 
